Introduction {#Sec1}
============

Single-entity electrochemistry has attracted increasing attention not only for its extremely high sensitivity but also for the insight that it offers with respect to individual direct electron transfer that is masked in ensemble-averaged measurements^[@CR1]--[@CR3]^. Over the past several decades, electrochemical measurements of individual entities, including nanoparticles (NPs), cells, molecules, and atoms, have been achieved conveniently with the use of stochastic collision measurement at a ultramicroelectrode (UME) or nanoelectrode^[@CR4]--[@CR6]^. In a typical collision event, individual diffusing entities stochastically collide with a UME interface where they may adsorb, directly react, or enable a catalytic reaction^[@CR7]--[@CR9]^. The information yielded has usually been in the form of staircase or blip responses in individual current signals, corresponding to NPs that either have irreversibly adsorbed onto or rebounded off the UME surface^[@CR10]--[@CR12]^. Significant advances have been made in the analysis of the dynamic electrochemical behaviors of individual entities^[@CR13]--[@CR15]^. For example, studies of single AgNP dynamics on UMEs, beginning with Compton's work, have been extensively pursued over the past several years^[@CR16]^. Recently, complicated multiple spikes in the current response were observed for the electrooxidation of a single AgNP using high-resolution electrochemical instruments^[@CR17],[@CR18]^. These experiments have been spearheaded by Oja et al.^[@CR13]^, Ustarroz et al.^[@CR14]^ and our group^[@CR15]^. This distinct phenomenon was explained by the fact that AgNP partially oxidized in one stochastic collision and tended to oxidize incrementally during the repeated multicollision processes at the solution−electrode interface^[@CR13]^. Although the combination of stochastic collision electrochemistry with scanned nanoprobe microscopies^[@CR19],[@CR20]^ or optical-based techniques^[@CR21]^ was introduced as a new tool for real-time analysis of the electrochemical reaction mechanism/kinetics of individual NPs with high spatial and temporal resolution^[@CR22],[@CR23]^, it remains an open and challenging issue to elucidate how nanoscale particles interact with an electrode interface to clearly understand the dynamic electrochemical processes of such particles^[@CR24]--[@CR26]^.

In a single-NP collision electrochemical measurement, the random walk behavior of NPs, that is Brownian motion, results in the collision of NPs with a UME^[@CR27],[@CR28]^. Freely diffusing particles can move differently as NPs approach the interface of the UME due to the boundary effect^[@CR15],[@CR29]^. Typically, surface diffusion coefficients are often orders of magnitude lower than those in bulk systems because the NP-interface interactions significantly affect the interfacial diffusion of NPs^[@CR30],[@CR31]^. One of the fundamental challenges underlying particle motion is to understand the dynamic forces that shape these interactions. Available experimental evidence has demonstrated a dominant mechanism of desorption-mediated NP motion at the liquid−solid interface with a transient weakly adsorbed state between desorption and adsorption^[@CR32]--[@CR35]^. Thus, adsorptive interactions play a key role in the physical motion of NPs at the electrode interface. Recent electrochemical results provided a preliminary insight on the physicochemical interactions between NPs and electrode surfaces^[@CR14]^, yet clearly clarifying the dependence of NP−electrode interactions and the dynamic nature of single-NP electrochemical behavior remains unexplored. Here, using first-principle density functional theory (DFT) calculations, we study the adsorption-energy scaling relations by examining NPs on two different UME surfaces. This allows us to semiquantitatively predict the adsorptive interaction effect of NPs on UME interfaces and helps in identifying the dynamic electrochemical nature of single NPs during the stochastic collision process. Based on the theoretical predictions, we explore the interaction-modulated electrochemical oxidation behavior of individual AgNPs, producing significantly distinguished current traces. By attempting to suppress the stochastic path of AgNPs and control their motion in an alkaline media, we observe the complete oxidation of the AgNPs with different diameters of 10, 18, 34, 55, 65 and 75 nm, and successfully realize the in situ size discrimination of AgNP mixtures with multiparameter analysis using the stochastic collision electrochemistry.

Results {#Sec2}
=======

Prediction of NPs−electrode interactions {#Sec3}
----------------------------------------

Typical interactions between NPs and the electrode interface in an electrolyte involve electrostatic, van der Waals, solvation, solvophobic and depletion forces^[@CR36]--[@CR38]^. It has also been shown that the electronic structure of nanomaterials is strongly correlated with their adsorption properties and that these, in turn, determine the interaction between the NPs and an interface^[@CR39]^. By this way, adsorption energy has been demonstrated to be a key semiquantitative parameter for describing the strength of the interaction of NPs with a UME interface^[@CR15]^.

Relevant research has shown that adsorptive scaling relations can be generalized to include the local structure of the adsorption site^[@CR39],[@CR40]^. To date, AgNPs are among the most commonly used particles for studying the direct electrochemical behaviors of individual entities^[@CR39],[@CR41]^. Thus, we studied the adsorption properties of surface terminations of AgNPs and silver oxide (AgO~*x*~) NPs on two of the most commonly used UME materials in nanoelectrochemistry: carbon fiber UMEs (C UMEs) and Au UMEs (Fig. 1a). The simplicity of the concept of coordination number $\documentclass[12pt]{minimal}
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                \begin{document}$$E_{{\mathrm{{ad}}}}$$\end{document}$ is, the more strongly atoms adsorb to the electrode interface. On the basis of adsorptive scalability, the coordination dependence of the adsorption energies was found to vary in the order AgO~*x*~/Au \> Ag/Au \> Ag/C, which indicates significantly attractive interactions in the AgO~*x*~/Au system due to the strongest adsorption of the NP−electrode interface. The scaling relations between adsorption energies can directly describe interactions and accurately capture the adsorptive trends of NPs on the surface of UMEs. Thus, these systems are expected to exhibit distinct dynamic motion behaviors as a result of their different adsorptive interaction strengths.Fig. 1Modeling NPs−electrode interactions.**a** Schematic illustration of interaction-modulated dynamic electrochemical behaviors of single NPs. **b** Optimized most stable adsorption configurations of Ag atoms and O atoms with different coordination environments on the C (002) basal plane and the Au (111) surface for DFT calculation. Gray ball, red ball, green ball/blue line and yellow ball correspond to C, O, Ag and Au atoms, respectively. **c** Scaling relations in adsorption energy of NPs on C and Au UME surfaces as a function of generalized coordination number. Data for Ag/C (black triangle), Ag/Au (red square) and AgO~*x*~/Au (blue circle) are provided, respectively. Source data are provided as a Source Data file.

Interaction-modulated electrooxidation of single AgNPs {#Sec4}
------------------------------------------------------

Inspired by the theoretical predictions, we can establish an experimental framework to investigate the interaction-modulated electrochemical behaviors of individual AgNPs (Fig. [1a](#Fig1){ref-type="fig"}). Using a low-noise electrochemical measurement platform, time-resolved current traces were directly observed for the dissolution of individual AgNPs at +600 mV vs. Ag/AgCl wire (Fig. [2a](#Fig2){ref-type="fig"}). As expected, 34 nm AgNPs afforded typical electrochemical oxidation at an Au UME in a 25 mM PB solution at pH = 7.4, displaying two major current patterns arising from a single large peak and a spike with undulating terrain (Fig. [2d](#Fig2){ref-type="fig"}). In this case, a single peak with a height of 582.6 ± 32.9 pA (gray bar, Supplementary Fig. [6a](#MOESM1){ref-type="media"}) and a dwell time of 0.37 ± 0.01 ms (gray bar, Fig. [2g](#Fig2){ref-type="fig"}) corresponds to a single collision event on the Au UME surface. A spike with undulating terrain, showing a smaller current amplitude of 213.6 ± 26.8 pA (red bar, Supplementary Fig. [6a](#MOESM1){ref-type="media"}) and a longer duration of 1.05 ± 0.07 ms (red bar, Fig. [2g](#Fig2){ref-type="fig"}), suggests that the AgNP fluctuates in the tunneling region of the electrode interface. Mixed motion is produced due to a through-space mild adsorptive interaction with AgNPs approaching the electrode interface, matching two current traces. As a result, the two current patterns exhibit different charge ranges within a usual variation (right, Fig. [2g](#Fig2){ref-type="fig"}). Moreover, the size distributions of the 34 nm AgNPs obtained from the integrated charge slightly deviated from the size analysis (Supplementary Fig. [7](#MOESM1){ref-type="media"}), especially for the large single-peak signals, suggesting the incomplete dissolution of AgNPs.Fig. 2Interaction-modulated dynamic electrochemical oxidation behaviors of single AgNPs.Current responses of individual 34 nm AgNPs collisions at +600 mV vs. Ag/AgCl **a** in neutral solution (25 mM PB, pH = 7.4, red line) at an Au UME (diameter 12.5 μm), **b** in neutral solution (25 mM PB, pH = 7.4, black line) at a C UME (diameter 7 μm), and **c** in alkaline media (15 mM PB and 10 mM NaOH, pH = 11.4, blue line) at an Au UME (diameter 12.5 μm). **a**--**c** Chronoamperometric profiles for the electrochemical oxidation of individual AgNPs with the same scale bar. **d**--**f** Close-ups of the representative time-resolved current traces, corresponding to the spikes in **a**--**c**. Inset: zoom-in of the corresponding current traces. **g**--**i** Histograms showing the distributions of the durations and charges of AgNPs. Black curves show Gaussian fits. The data were obtained from a large population of electrooxidation events of individual AgNPs (more than 1000 events). Source data are provided as a Source Data file.

For the weak adsorption of the Ag/C system, we also examined the electrochemical oxidation of AgNPs, in which the working electrode was replaced by a C UME in a 25 mM PB solution at pH = 7.4 (Fig. [2b](#Fig2){ref-type="fig"}). A spike with closely spaced clustering was clearly predominant for 34 nm AgNPs (Fig. [2e](#Fig2){ref-type="fig"}); the amplitude of the first spike decreased to 65.8 ± 7.1 pA (black bar, Supplementary Fig. [6b](#MOESM1){ref-type="media"}), while the duration increased to 2.80 ± 0.55 ms (left, Fig. [2h](#Fig2){ref-type="fig"}). This current feature occurred because the partially oxidized AgNPs receded to the bulk solution and returned to the C UME surface several times due to the weak adsorption between the AgNPs and C UME, resulting in a transient weakly bound state between adsorption and desorption. Poisson distribution model demonstrates the consecutive current spikes can rather be attributed to the oxidation of a single AgNP via a series of stages, during each of which the NP is partially oxidized (see details in Supplementary Note [2](#MOESM1){ref-type="media"}); thus, the electrooxidation of single AgNPs experiences a longer timescale in this case. Moreover, this behavior means AgNPs have a higher escape probability from the C UME surface and do not return, causing significantly incomplete oxidation. This conclusion is supported by the measured results from the integrated charge associated with each collision event being much smaller than the charge expected based on the AgNP size (right, Fig. [2h](#Fig2){ref-type="fig"}). In addition, an unpredictably spaced timescale in multicollision processes was observed, which could also be attributed to the stochastic nature of the weak adsorption of AgNPs at the C UME surface.

To further demonstrate the effect of adsorptive interaction-modulated electrochemical behavior, we attempted to investigate the strong coupling of the AgO~*x*~/Au system using stochastic collision measurements. Considering the formation of silver oxide in alkaline media^[@CR42]--[@CR47]^, we performed the electrochemical oxidation of 34 nm AgNP at an Au UME in a pH = 11.4 of an alkaline solution containing 15 mM PB and 10 mM NaOH (Fig. [2c](#Fig2){ref-type="fig"}). Notably, we observed a series of current transients, which is more than 90% of cases showed a spike with undulating terrain (Fig. [2f](#Fig2){ref-type="fig"}) with a current amplitude of 290.3 ± 12.9 pA (blue bar, Supplementary Fig. [6c](#MOESM1){ref-type="media"}) and a very long duration of 22.01 ± 1.23 ms (left, Fig. [2i](#Fig2){ref-type="fig"}). Nearly uniform current traces were observed; that is, particles always fluctuated in the tunneling region at a timescale of tens of milliseconds. And the dwell time of particles in alkaline media increased to 20 times that in neutral solution, which was attributed to the slow electrooxidation kinetics because of the insoluble oxide layer on the surface of silver^[@CR22],[@CR23],[@CR48]^. Considering the participation of OH^−^, we assumed the oxidation reaction of AgNPs as a diffusion-limited process in alkaline media. The maximum current (*i*~max~) of a single AgNP on the surface of the electrode can be described by Eq. ([2](#Equ2){ref-type=""}) for a sphere NP^[@CR11]^:$$\documentclass[12pt]{minimal}
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                \begin{document}$$D_0$$\end{document}$ is the diffusion coefficient of OH^−^ (6.8 × 10^−9^ m^2^ s^−1^)^[@CR49]^, *C*~0~ is the concentration of OH^−^, *r*~0~ is the radius of AgNPs. For an AgNP with a diameter of 34 nm, the expected diffusion-limited current (*i*~max~) is 491.1 pA in alkaline media (pH = 11.4), which is much higher than the average maximum current of 290.3 pA in our experimental measurement (Supplementary Fig. [6c](#MOESM1){ref-type="media"}). This would suggest the concentration of OH^−^ in our system is sufficient for the transition from Ag^+^ to AgO. We inferred that the diffusion of OH^−^ to the AgNPs was not the rate-determining step of the AgNPs oxidation, evidencing that the electrooxidation of AgNPs is the reaction rate-limited processes. Thus, the elongated current signal was mainly attributed to the formation of the insoluble silver oxide on the particle surface, resulting in the slow oxidation kinetics of AgNPs in alkaline media. Moreover, the enhanced attractive interaction between the AgO~*x*~ NPs and the Au UME suppressed the random walk of particles during the electrochemical stripping process to produce uniform current traces and promote the complete oxidation of AgNPs in alkaline media. Interestingly, the integrated charge of individual AgNPs was almost twice that of neutral solution (right, Fig. [2i](#Fig2){ref-type="fig"}); this relationship probably resulted from the 2e^−^ oxidation of Ag to form the AgO product. To confirm the 2e^−^ process, we carried out differential pulse voltammetry (DPV) measurements using an AgNP-modified Au electrode (diameter 2 mm) in alkaline media with pH = 11.4. Four anodic peaks, referred to A~1~--A~4~ in the DPV results, coincide with those reported in previous reports and are associated with the formation of Ag~2~O and AgO between −200 mV and +800 mV vs. Ag/AgCl wire (Supplementary Fig. [8](#MOESM1){ref-type="media"} and Supplementary Note [3](#MOESM1){ref-type="media"})^[@CR44]--[@CR46]^, and no obvious oxidation peak could be found in the cyclic voltammogram for a bare Au electrode in the absence of AgNPs (Supplementary Fig. [9](#MOESM1){ref-type="media"}). Additionally, the integrated charge of individual collision events as a function of applied potential (Supplementary Fig. [10](#MOESM1){ref-type="media"}), the X-ray photoelectron spectroscopy and X-ray diffraction results for the electrochemically oxidized product (Supplementary Fig. [11](#MOESM1){ref-type="media"} and Supplementary Note [4](#MOESM1){ref-type="media"}) further demonstrated the formation of AgO at +600 mV vs. Ag/AgCl wire^[@CR50]--[@CR52]^. Therefore, a 2e^−^ oxidation occurred in the process of Ag oxidation when holding the potential of +600 mV vs. Ag/AgCl wire in alkaline media. In analogy to pitting corrosion, we proposed that the AgNP oxidation in alkaline solution followed a heterogeneous nucleation growth-type mechanism by the stochastic formation of a nucleus of silver oxide on the surface of AgNPs^[@CR43]--[@CR45]^. According to the previous work, the presence of NaOH preceded a reaction of Ag^+^ ions, resulting from the oxidation of AgNPs, with OH^−^ ions to allow the formation of \[Ag(OH)~2~\]^−^ for further oxidation to produce silver oxide^[@CR44]^. The higher formation constants for the silver oxides likely make the initiation process more favorable, resulting in the maximum current at the first spike due to the fast rate of initial nucleation. After initiation, the subsequent slow rates of AgNPs oxidation, as reflected in the resulting low undulating terrain shapes, may either arise from the formation of the insoluble silver oxide on the particle surface or alternately may relate to the dynamic motion of the particle adjacent to the electrode interface.

Electrochemical size measurement of individual AgNPs {#Sec5}
----------------------------------------------------

The uncontrolled dynamic motion and partial oxidation of AgNPs create an obstacle to size measurement using stochastic collision electrochemistry^[@CR12],[@CR53]^. Inspired by confining the stochastic paths of particles in the vicinity of the Au UME surface to produce uniform current traces in alkaline solution, a surface-confined nano-collision strategy was introduced for the electrochemical size measurement of AgNPs in a liquid suspension. To choose the favorable experimental condition for this surface-confined nano-collision, pH effect of single AgNPs in the oxidation process was investigated using the stochastic collision electrochemistry. As shown in Supplementary Fig. [12](#MOESM1){ref-type="media"} and Supplementary Table [3](#MOESM1){ref-type="media"}, prolonged surface-confined current traces and 2e^−^ transfer process were observed when pH was beyond 11.4, which was sufficient for the oxidation of AgNP to form AgO (see details in Supplementary Note [5](#MOESM1){ref-type="media"}). Hence, unless otherwise stated, the pH value of the electrolyte solution at 11.4 was used. In this study, an Au UME with a diameter of 12.5 μm and an applied potential of +600 mV vs. Ag/AgCl wire was employed to attempt the electrochemical measurement of individual AgNPs with different diameters of 10, 18, 34, 55 and 65 nm in pH = 11.4 alkaline media containing 15 mM PB and 10 mM NaOH. The representative current signals illustrated that asymmetric exponential current transients initially rise quickly and decay at a lower rate with some fluctuation for the oxidation of individual AgNPs, except for a single peak for 10 nm diameter AgNPs due to their small size and fast oxidation (Fig. [3a](#Fig3){ref-type="fig"}). Moreover, the magnitude and duration of current peaks increased dramatically as the size of AgNPs increased; these peaks were accompanied by uniform current traces, indicating well-distinguishable size-dependent characteristic current traces. Based on these measured current signals, we further investigated the average numbers of oxidized Ag atomic layers during the first subpeak of individual collision events (Supplementary Fig. [13](#MOESM1){ref-type="media"} and Supplementary Note [6](#MOESM1){ref-type="media"}) and modeled the AgO film growth kinetics on the surface of different sized AgNPs using a dynamic Monte Carlo simulation (Supplementary Fig. [14](#MOESM1){ref-type="media"}). We found a size-dependent critical AgO thickness for the transition from fast to slow oxidation, which grows exponentially with the increasing diameter of AgNPs.Fig. 3Electrochemical size measurement of individual AgNPs by surface-confined nano-collision.**a** Chronoamperometric curves and representative current signals of individual AgNPs with different sizes in diameters of 10, 18, 34, 55 and 65 nm at +600 mV vs. Ag/AgCl wire in alkaline solution at an Au UME (diameter 12.5 μm), respectively. Size distribution histograms of AgNPs for individual samples of five sizes of NPs measured separately via nano-collision (**b**), TEM (**c**) and DLS (**d**). Source data are provided as a Source Data file.

Considering 2e^−^ oxidation in alkaline media at the potential of +600 mV vs. Ag/AgCl wire, we estimated the size distribution from the integrated charge of the oxidation of AgNPs by Eq. ([3](#Equ3){ref-type=""})^[@CR25]^:$$\documentclass[12pt]{minimal}
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                \begin{document}$$\rho$$\end{document}$ (10.5 × 10^6^ g m^−3^) is the density of Ag. As shown in Fig. [3b](#Fig3){ref-type="fig"}, the mean diameter values obtained from the electrochemical measurements are 8.6, 15.7, 33.5, 51.4 and 62.8 nm, closely resembling those determined via transmission electron microscopy (TEM) (Fig. [3c](#Fig3){ref-type="fig"} and Supplementary Fig. [15](#MOESM1){ref-type="media"}). When individual pure suspensions of AgNPs with the five different sizes in alkaline solution (pH = 11.4) were measured via dynamic light scattering (DLS), significant overlap and wide peak widths were observed in the compiled size distribution diagrams (Fig. [3d](#Fig3){ref-type="fig"}). To further demonstrate this surface-confined nano-collision strategy, we also examined the oxidation behaviors of 75 nm AgNPs in alkaline solution (Supplementary Fig. [16](#MOESM1){ref-type="media"}). With an analysis of current responses, a statistical size distribution can be obtained, and a reliable correlation between TEM and DLS can be constructed. We attributed the remarkable sensitivity of size discrimination in single-NP electrochemical detection to the enhanced adsorptive interaction between the particles and UME, which confined the stochastic motion and prompted the complete oxidation of the AgNPs. Our method pushes the detection limit for stochastic collision measurements from the previous detection limit of ∼30 nm diameter citrate-capped AgNPs in nitrate-based electrolyte^[@CR12]^ and \~50 nm diameter of AgNPs in the presence of halide ions^[@CR45],[@CR54],[@CR55]^ up to ∼75 nm AgNPs in the present study. Moreover, these excellently resolved current traces yielded clearly distinguishable histograms of Log *t* and Log *i* using a python-based self-designed software program within several minutes (see details on the data processing in Supplementary Fig. [17](#MOESM1){ref-type="media"} and Supplementary Note [7](#MOESM1){ref-type="media"}). Gaussian peak values of Log *t* and Log *i* from the analysis of over 1000 collisions of each sample were assigned to NPs of various sizes with high sensitivity to realize the size discrimination of AgNPs from 10 to 65 nm in diameter (Supplementary Fig. [18](#MOESM1){ref-type="media"} and Supplementary Note [8](#MOESM1){ref-type="media"}).

By virtue of the exceptional sensitivity achieved in the size detection of single AgNPs, we then examined the resolving power to measure a mixture of AgNPs in four sizes ranging from 10 to 55 nm in diameter in situ. As expected, distinguishable spike signals were recorded at an Au UME at a potential of +600 mV vs. Ag/AgCl wire. Four representative traces revealed that the current heights clustered around four different amplitude levels, which corresponded to four differently sized AgNP populations (Fig. [4a](#Fig4){ref-type="fig"}). To further demonstrate the sensitivity of the surface-confined nano-collision strategy, AgNPs with average sizes of 34, 55, 10, and 18 nm were added and detected in one electrochemical cell in sequence. Because the collision frequency of AgNPs can approach 50−60 events per second, statistically representative histograms of the dimension, Log *t* and Log *i* was obtained by rapidly interrogating thousands of NPs individually at a time interval of a few minutes using the home-built software (Fig. [4b−e](#Fig4){ref-type="fig"}). By multiparameter analysis, accurate dimension distributions of the AgNP mixture were achieved. The median sizes (ca. 8.9, 15.7, 32.0 and 52.7 nm) measured in this fashion are in good agreement with the results of the electrochemical detection (Fig. [3b](#Fig3){ref-type="fig"}) and TEM measurement (Fig. [3c](#Fig3){ref-type="fig"}) of pure suspensions of AgNPs with four different sizes, and the corresponding distributions are more statistically representative than those obtained via the other methods^[@CR13],[@CR16]^. To further confirm the attribution of these distributions, AgNPs with sizes of 34 and 18 nm in diameter were injected successively. An obvious increase in the distribution of the diameter, Log *t* and Log *i* was observed for these two sizes (Fig. [4f, g](#Fig4){ref-type="fig"}). All results indicated that the surface-confined nano-collision strategy could accurately measure the size of AgNP mixtures in liquid suspensions in situ.Fig. 4In situ electrochemical size measurement of different sized AgNPs mixture.**a** Continuous chronoamperometric curves and characteristic current traces for a mixture of AgNPs with different sizes in diameters of 10, 18, 34, 55 nm, respectively. The colored bands represent the maximum current distribution for each analyte in the AgNPs mixtures. **b**--**g** Histograms of the diameter, Log *t* and Log *i* for a mixture of AgNPs. The data were acquired from AgNPs with difference sizes, which were added in one electrochemical cell in sequence (in bold red font), at an Au UME (diameter 12.5 μm) in 15 mM PB and 10 mM NaOH at pH = 11.4 and +600 mV vs. Ag/AgCl wire. Source data are provided as a Source Data file.

Discussion {#Sec6}
==========

In summary, we explored the utility of theoretical investigation by DFT calculations for predicting the adsorption properties of NPs on the UME interface, which could be used as a descriptor of NP−electrode interactions. We showed that the continuous monitoring of the electrochemical oxidation of individual AgNPs in different adsorptive systems produced significantly distinguished current traces due to the interaction-mediated motion behaviors of the AgNPs. By enhancing the adsorptive interaction between NPs and the electrode interface, the stochastic motion of NPs was restricted to produce surface-confined current traces for the complete dissolution and oxidation of individual AgNPs. This allowed us to realize high-resolution size measurements of AgNPs mixtures with different sizes in liquid suspensions using stochastic collision electrochemistry, leading to an effective method for particle size analysis in a complex environment. Through this study, we have revealed the implicit role that the adsorptive interaction of NPs on the electrode interface plays in particle motion. In the previously obtained result, the electrostatic force is also an important interaction between AgNPs and electrode interface at sufficiently positive potentials (≥1.2 V vs. Pt wire)^[@CR22]^. Therefore, it is impossible to describe with certainty all the relevant interactions of NPs on an electrochemical interface, but the current pockets of adsorption knowledge provide a conceptual framework to guide this exploration. In the next step, we will consider the generality and applicability of the surface-confined nano-collision strategy and explore the possible extension to other particles (metallic, polymeric, macromolecules, etc.) at the electrode interface.

Methods {#Sec7}
=======

Materials {#Sec8}
---------

Citrate-capped silver nanoparticles (AgNPs) with different average nominal diameters of 10, 18, 34, 55, 65, and 75 nm were obtained by nanoComposix, Inc. (San Diego, CA, USA). N~2~ gas (99.998%, purified) was obtained from Cryogenic Gases (Detroit, MI). Other analytical grade reagents were purchased from Sigma-Aldrich. Millipore water (Milli-Q system) purified to a resistivity of 18.2 MΩ•cm^−1^ with a UHQ II system (Elga) was used to prepare all the solutions. Phosphate buffer solution (PB) was prepared using Na~2~HPO~4~ and NaH~2~PO~4~. The electrolyte solutions were prepared with Millipore water.

Instrumentation {#Sec9}
---------------

Chronoamperometric curves were performed using low-noise current measurement platform with the two-electrode cell system (a UME and an Ag/AgCl wire reference electrode). Au electrodes and Pt reference electrodes were purchased from Shanghai Chenhua Co., Ltd., China. Axopatch 200B amplifier and DigiData 1550A low-noise data acquisition system (Molecular Devices, USA) were employed to recode the high-resolution electrochemical signals of individual AgNPs at a sampling rate of 100 kHz and an internal low-pass Bessel filter of 5 kHz. The pH value of a solution was measured by a PHS-3C pH meter (Switzerland Mettler Toledo Delta 320).

DFT calculations {#Sec10}
----------------

All the spin-polarized calculations were performed using a Perdew--Burke--Ernzerhof functional within the generalized gradient approximation using the VASP code^[@CR56]--[@CR58]^ and optB88 functional with the self-consistent vdW interaction included^[@CR59],[@CR60]^. The project-augmented wave method was used to represent the core-valence electron interaction^[@CR61],[@CR62]^. To model the carbon electrode and Au electrode, a four-layer *p*(2 × 2√3) C (002) basal plane *p*(3 × 3) and Au (111) surface slab corresponding to 64 C atoms and 36 Au atoms were constructed with a 3 × 3× 1 *k*-point sampling, respectively, and a vacuum layer of 25 Å was applied along the *z*-direction to avoid interactions between periodically repeated slabs. C 2*s*^2^2*p*^2^, Au 5*d*^10^6*s*^1^ and Ag 4*d*^10^5*s*^1^ electrons were treated as valence electrons. For total energy calculations, the valence electronic states were expanded in plane wave basis sets with an energy cutoff of 500 eV, and the force convergence criterion in the structure was set to 0.05 eV Å^−1^. The bottom two layers of the substrates were fixed, and the other atoms were all relaxed during the structural optimization. To simulate the interface solution environment, the solvent effects were in combination with the polarizable continuum model^[@CR63],[@CR64]^. To investigate the interactions between NPs and electrode interface, first the three-layer Ag (111) surfaces of Ag particle with *p*(√3 × 3) and *p*(3 × 3) were constructed to match the C (002) and Au (111) surface as much as possible, respectively (1.7 and 2.2% lattice mismatches, respectively); then, by adding Ag atoms to the original Ag (111) surface, the surface Ag atoms were ingeniously constructed with completely equivalent coordination environments of 3-, 4-, 5-, 6-, 7-, 9-fold, respectively (Supplementary Figs. [3](#MOESM1){ref-type="media"} and [4](#MOESM1){ref-type="media"}). While the added Ag atoms were replaced by O atoms to Ag (111) surface in order to approximate the description of AgO~*x*~ NPs (Supplementary Fig. [5](#MOESM1){ref-type="media"}). The different configurations of the fivefold coordination are also tested and show similar adsorption energies, demonstrating the reliability of our strategy (Supplementary Table [2](#MOESM1){ref-type="media"} and Supplementary Figs. [4](#MOESM1){ref-type="media"} and [5](#MOESM1){ref-type="media"}). The calculation model of Ag/Au is taken from the previous work^[@CR15],[@CR65]^. Considering the negligible contribution, we ignore the effects of electrolyte (Supplementary Table [4](#MOESM1){ref-type="media"}), charge (Supplementary Table [5](#MOESM1){ref-type="media"} and Supplementary Fig. [19](#MOESM1){ref-type="media"}) and capping agent (Supplementary Table [6](#MOESM1){ref-type="media"}) to theoretical energy calculations in this DFT model (see details in Supplementary Note [9](#MOESM1){ref-type="media"}).

Electrochemical measurement {#Sec11}
---------------------------

For DPV measurements of AgNPs with different sizes of 10, 18, 34 and 55 nm, an Au electrode (2 mm in diameter) was used as the working electrode, Ag/AgCl as the reference electrode while a Pt wire electrode acted as a counter electrode (at 25 °C), with the solutions degassed with N~2~ prior to use. All working electrodes were polished before the experiments with 0.3 and 0.05 µm alumina powder on a polishing pad. Then, the polished Au electrodes were reversibly cycled in a 0.5 mM H~2~SO~4~ solution from 0 to +1.55 V (vs. saturated calomel electrode) until an ideal redox wave of H~2~SO~4~ was observed. The cleaned electrode was thoroughly rinsed with water and absolute ethanol and then was immersed in Ag nanoparticle suspension for 24 h, then the electrode was left in nitrogen for about 20 min to evaporate the solvent.

Single nanoparticle collision experiments {#Sec12}
-----------------------------------------

Stochastic collision experiments were performed using a low-noise current measurement platform with the two-electrode cell system. The amplifier's internal low-pass Bessel filter was set as 5 kHz. Data were acquired at a sampling rate of 100 kHz. The electrochemical cell consisted of a UME and an Ag/AgCl wire reference electrode. All single-entity electrochemical measurements were performed in a Faraday cage at 25 °C.

Characterization of AgNPs {#Sec13}
-------------------------

Transmission electron microscopy images were obtained using a JEOL 20100F transmission electron microscope (JEOL Ltd., Japan). Sample preparation consisted of drop casting AgNPs suspensions on holey carbon grids and allowing to dry. AgNPs of each size were then sized using Gatan Digital Micrograph software. DLS analysis was performed with a Zetasizer Nano-ZS Instrument (ZEM4228) from Malvern Instruments in alkaline solution (15 mM PB and 10 mM NaOH, pH 11.4). X-ray photoelectron spectroscopy and X-ray diffraction were recorded by an ESCALAB 250 Xi spectrometer (Thermo Fisher, USA) and a D/max 2550 VB/PC diffractometer (Rigaku, Japan), respectively.
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